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Classification of phases in the 2HDM Numerical analysis using the one-loop effective potential Summary

Evolution of the Universe around the electroweak epoch?

Excellent testbed for BSM physics with extended scalar sectors

» Exotic intermediate phases such as
charge-breaking ones (massive photons, ...)?

\'
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Classification of phases in the 2HDM

Evolution of the Universe around the electroweak epoch?

Excellent testbed for BSM physics with extended scalar sectors

» Exotic intermediate phases such as
charge-breaking ones (massive photons, ...)?

\'

» Multi-step phase transitions? E.g.:

EW-symmetric (high T) — neutral
— charge-breaking — neutral (T = 0)
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Classification of phases in the 2HDM

Evolution of the Universe around the electroweak epoch?

Excellent testbed for BSM physics with extended scalar sectors

» Exotic intermediate phases such as
charge-breaking ones (massive photons, ...)?

» Multi-step phase transitions? E.g.:

EW-symmetric (high T) — neutral
— charge-breaking — neutral (T = 0)

» First-order phase transitions between
charge-breaking and neutral phases?
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Classification of phases in the 2HDM

The CP-conserving 2HDM (type 1) with softly broken Z, symmetry

A A
V= m3, @10, + m3, 0,0, - m?, (®d, + h.c.) + ?1 (@], )2 * ?2 (cD;ch)2

A
+ A, (CDICD1)(CDJ2FCD2) +A, (CD;FCDZ)(CDJZFCDO * 55 [(q);rq)z)z * h.c.]
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Classification of phases in the 2HDM

The CP-conserving 2HDM (type 1) with softly broken Z, symmetry

A A
V= m}, @0, + m3,0;®, - m?, (P]®, +h.c)+ ?1 (@7, )2 * ?2 (q);q)z)z

A
+ A, (®:®1)(®§®2) +A, (q);rq)z)(q);@) * 75 [(q);rq)z)z * h.c.]

: 1 py+in 1 Py + Weg +inN
with O, = — 1 1 )’ 1)) =_( 27 2 )
! \/E(Z1+ iy, 2 V2 \6 + +’(‘ruz+ )

and real fields p;, n;, ¢, , (i = 1,2), and VEVs W, (j=1,2,CP,CB)
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Classification of phases in the 2HDM

The CP-conserving 2HDM (type 1) with softly broken Z, symmetry

A A
V= m}, @0, + m3,0;®, - m?, (P]®, +h.c)+ ?1 (@7, )2 + = (q’;q’z)z

2

A
+ A, (CDICDO(CD;CDz) +A, (q);rq)z)(q);%) * 75 [(q);rq)z)z * h.c.]

: 1 py+in 1 Py + Weg +inN
with ®, = — ! ), (o) =—( 2 2 )
! \/2(Z1+ + 1y, 2 V2 \&+ +’(‘7”2+ )

and real fields p;, n;, ¢, , (i = 1,2), and VEVs W, (j=1,2,CP,CB)

» Present-day EW-breaking vacuum at zero temperature T = 0 (with v; = u')jlm):

Vg =Vep =0 and v2=vZ+v2=(246.22GeV)> and tanB=v,/v,
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Classification of phases in the 2HDM

The CP-conserving 2HDM (type 1) with softly broken Z, symmetry

A A
V= m}, @0, + m3,0;®, - m?, (P]®, +h.c)+ ?1 (@7, )2 * ?2 (¢’£¢2)2

A
+ A, (®:®1)(®§®2) +A, (q);rq)z)(q);@) * 75 [(q);rq)z)z * h.c.]

: 1 py+in 1 Py + Weg +inN
with O, = — 1 1 )’ 1)) =_( 27 2 )
! \/E(Z1+ iy, 2 V2 \6 + +’(‘ruz+ )

and real fields p;, n;, ¢, , (i = 1,2), and VEVs W, (j=1,2,CP,CB)

» Types of vacua: neutral EW-symmetric vacuum:

@)=(@)=(g)
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Classification of phases in the 2HDM

The CP-conserving 2HDM (type 1) with softly broken Z, symmetry
— 2 1 2 T 2 il h A'I + 2 /\2 1 2
V=m3,0l®, + m3,30, - m, (®j©, +h.c)+ 5 (®]o,) + 5 (@20,)
A
+ t 5 2
+13 (@]0,) (220,) + A, (] 0, ) (0;0,) + 5 [(q;;rqu) * h.c.]
: 1 py*in 1 P, *+ Weg +in
with D, = — 1 1 ), ¢=_( 27 2 )
! \/E(Z1+ 1y, 2 2\ i, + 0,
and real fields p;, n;, ¢, , (i = 1,2), and VEVs W, (j=1,2,CP,CB)

» Types of vacua: neutral EW-breaking vacuum:

1

o 3!} o3
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Classification of phases in the 2HDM

The CP-conserving 2HDM (type 1) with softly broken Z, symmetry

A A
V= m}, @0, + m3,0;®, - m?, (P]®, +h.c)+ ?1 (@7, )2 * ?2 (¢’£¢2)2

A
+ A, (®:®1)(®§®2) +A, (q);rq)z)(q);@) * 75 [(q);rq)z)z * h.c.]

: 1 py+in 1 Py + Weg +inN
with O, = — 1 1 )’ 1)) =_( 27 2 )
! \/E(Z1+ iy, 2 V2 \6 + +’(‘ruz+ )

and real fields p;, n;, ¢, , (i = 1,2), and VEVs W, (j=1,2,CP,CB)

» Types of vacua: CP-breaking vacuum:

@)= E(7) @ L(, 5 )
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Classification of phases in the 2HDM

The CP-conserving 2HDM (type 1) with softly broken Z, symmetry

A A
V= m}, @0, + m3,0;®, - m?, (P]®, +h.c)+ ?1 (@7, )2 * ?2 (¢’£¢2)2

A
+ A, (CDICDO(CD;CDz) +A, (q;;rq)z)(q>;q>1) * 75 [(q);rq)z)z * h.c.]

with q::l( Py +imy ) ¢=L( Py + Weg +iMy )
! V2 \6 + iy, )’ 2 V2 \6 + +"(‘7uz+ )

and real fields p;, n;, ¢, , (i = 1,2), and VEVs W, (j=1,2,CP,CB)

» Types of vacua: charge-breaking (CB) vacuum:

1

030} 3l
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Classification of phases in the 2HDM

Phase diagram in (m3,, m3,) plane

Start with toy model with mfz = 0; derive e.g. with geometric methods [ivanov '08]:
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Classification of phases in the 2HDM

Phase diagram in (m3,, m3,) plane

Start with toy model with mfz = 0; derive e.g. with geometric methods [ivanov '08]:

» Bounded-from-below conditions:
A1,2 >0, \JAA,+A; >0,

,/A1/\2 +A3 +A,-A; >0

» Conditions for a CB vacuum:
AA,-Ay >0, A, > Al

and
11\/ + mzz\/ <0,
/\
2 Ay 2
m < mzzA m22 <m A_
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Classification of phases in the 2HDM

Phase diagram in (m3,, m3,) plane

Start with toy model with mfz = 0; derive e.g. with geometric methods [ivanov '08]:

» Bounded-from-below conditions:
A1’2>0, A, +A; >0, v #£0
vg =0 EW symmetric

,/A1/\2 +7\3 +/\4 —/\5 >0
» Conditions for a CB vacuum:
AA,-Ay >0, A, > Al

m§2

m2,
and A
;’ CB vy =

+m < 0 ! V2 7& 0

11\/ 22\/

/\

2 Ay 2

my; <mzz;\ my, <m /\_ ;\\2 Ay >0
=
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Classification of phases in the 2HDM

Thermal evolution in the high-temperature limit

One-loop thermal corrections in high-T limit (A1’2’3'4’5 stay T-independent):

2 2 2
my,(T) = m7; + ¢, T
m3,(T) = m3, + ¢,T°

m%z(T) = m122
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Classification of phases in the 2HDM

Thermal evolution in the high-temperature limit

One-loop thermal corrections in high-T limit (A1’2’3'4’5 stay T-independent):

m3,(T) = m%, + ¢, T?

m3,(T) = m3, + ¢,T°

m3,(T) = m3,
with
1 1 .
c, 6(3/\ +2A +A) —6(3gz+gz)
1 ;
C, = 12(3/\ +2A +A) E(3gz+g2)
r = (v2 4372+ 32)

including gauge and Yukawa couplings
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Classification of phases in the 2HDM

Thermal evolution in the high-temperature limit

One-loop thermal corrections in high-T limit (A1’2’3'4’5 stay T-independent):

m3,(T) = m3, + ¢, T m2, |
mgz(-,-) = m2, + Cz-,-z EW symmetric
m3,(T) = m7, / o
with . P |
1 1 - m?2
¢y =55 (30 + 2054 4,) + (397 + 97) | Ay 1
12 16 7
1 (302 4 02 i
C, = 12(3/\ +2A +A) ﬁ(3g +g ) A2 T =0
A3
r = (v2 4372+ 32)

(blue hyperbola: mZ2, # 0)

including gauge and Yukawa couplings
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Classification of phases in the 2HDM

Thermal evolution in the high-temperature limit

(blue hyperbola: mZ2, # 0)

including gauge and Yukawa couplings
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Classification of phases in the 2HDM

Electroweak symmetry (non-)restoration in the 2HDM

Is the EW symmetry always restored at T — o0? = Check for minimum at origin
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Classification of phases in the 2HDM

Electroweak symmetry (non-)restoration in the 2HDM

Is the EW symmetry always restored at T — o0? = Check for minimum at origin

ST = — Mu o — Hu |
0.25: S~e === Hay | 0.4 LT T T —— Hy
0.00 0.2k \\\\\-
L
—0.50
A=A, A A A A A
3 SA o= =M=X=
—075 . . . —0.2t . A )
0 1 2 3 4 0 1 2 3 4
A A

= Condition for a minimum at the origin: 3(,, >0 and J(,>0

(3; ~ eigenvalues of the Hessian of leading T2 term of the full one-loop potential)
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Numerical analysis using the one-loop effective potential

Scans of the 2HDM parameter space
» Scan over parameter space and generate seed pointsatT =0

» Parameter points with a suitable trajectory for T > 0 through the CB region
» VEV v = 246.22 GeV and light CP-even Higgs mass m, = 125.09 GeV fixed at T = 0
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Numerical analysis using the one-loop effective potential

Scans of the 2HDM parameter space
» Scan over parameter space and generate seed pointsatT =0
» Parameter points with a suitable trajectory for T > 0 through the CB region

» VEV v = 246.22 GeV and light CP-even Higgs mass m, = 125.09 GeV fixed at T = 0

» Locating the minima and evolving the VEVs for T > 0 for full one-loop effective
potential including thermal corrections: BSMPT [Basler, Miihlleitner, Miiller "18-"21]
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Numerical analysis using the one-loop effective potential

Scans of the 2HDM parameter space

» Scan over parameter space and generate seed pointsatT =0
» Parameter points with a suitable trajectory for T > 0 through the CB region
» VEV v = 246.22 GeV and light CP-even Higgs mass m, = 125.09 GeV fixed at T = 0

» Locating the minima and evolving the VEVs for T > 0 for full one-loop effective
potential including thermal corrections: BSMPT [Basler, Miihlleitner, Miiller "18-"21]

» Use Scanners [coimbra et al. 13-20] t0 apply constraints to selected points:

Theoretical constraints:

bounded-from-below, perturbativity,
perturbative unitarity (akeroyd, Arhrib, Naimi ‘00],
absolute stability [sarroso, rerreira, ivanoy, santos '13]

Experimental constraints:

flavour physics, Higgs searches at collid-
ers, STU-parameters [peskin, Takeuchi '92]
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Numerical analysis using the one-loop effective potential

Scans of the 2HDM parameter space

Christoph Borschensky - Intermediate CB phases in the 2HDM - 16/09/23 7 ﬂ(l

» Scan over parameter space and generate seed pointsatT =0
» Parameter points with a suitable trajectory for T > 0 through the CB region
» VEV v = 246.22 GeV and light CP-even Higgs mass m, = 125.09 GeV fixed at T = 0

Two strategies for scans

» Scan (i): intermediate CB phase in high-T approximation and in full
one-loop treatment: experimental constraints exclude all points!

» Scan (ii): intermediate CB phase in full one-loop treatment, enforce all
experimental constraints |

f et s e ei et m— i . e ——— e s rrrr— s eeie e s s

bounded-from-below,  perturbativity, flavour physics, Higgs searches at collid-
perturbative unitarity (akeroyd, Arhrib, Naimi ‘00], ers, STU-parameters [peskin, Takeuchi '92]
absolute Stablllty [Barroso, Ferreira, Ivanov, Santos "13]




Numerical analysis using the one-loop effective potential

Results of scan (ii) (no CB phase required)
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Numerical analysis using the one-loop effective potential

Results of scan (ii) (no CB phase required)
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Classification of phases in the 2HDM

600 —

Numerical analysis using the one-loop effective potential

Results of scan (ii) (CB phase required)
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Numerical analysis using the one-loop effective potential

Benchmark points
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Numerical analysis using the one-loop effective potential

Benchmark points
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Numerical analysis using the one-loop effective potential

Benchmark points
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Summary

Summary and conclusions
Phase transitions including intermediate charge-breaking phases in the 2HDM

» Intermediate CB phases can occur in the CP-conserving 2HDM with full
one-loop thermal corrections

See [239
» Difficult to satisfy all experimental constraints 8.04141] fo, More doga:
ails!
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Summary

Summary and conclusions
Phase transitions including intermediate charge-breaking phases in the 2HDM

» Intermediate CB phases can occur in the CP-conserving 2HDM with full
one-loop thermal corrections

See [239
» Difficult to satisfy all experimental constraints 8.04141] fo, More doga:
ails!
— CB phases occur only for relatively large couplings

< Restoration of EW symmetry at high temperatures requires small couplings
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Summary

Summary and conclusions
Phase transitions including intermediate charge-breaking phases in the 2HDM

» Intermediate CB phases can occur in the CP-conserving 2HDM with full
one-loop thermal corrections

See 230
» Difficult to satisfy all experimental constraints 8.04141] fo, More doga:
ails!
— CB phases occur only for relatively large couplings

< Restoration of EW symmetry at high temperatures requires small couplings

» Multi-step and first-order phase transitions
» Exotic phases (CB phase, intermediate EW-symmetry restoration)
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Summary

Summary and conclusions
Phase transitions including intermediate charge-breaking phases in the 2HDM

» Intermediate CB phases can occur in the CP-conserving 2HDM with full
one-loop thermal corrections

See [239
» Difficult to satisfy all experimental constraints 8.04141] fo, More doga:
ails!
— CB phases occur only for relatively large couplings

< Restoration of EW symmetry at high temperatures requires small couplings

» Multi-step and first-order phase transitions
» Exotic phases (CB phase, intermediate EW-symmetry restoration)

THANK YOU FOR YOUR ATTENTION! ©
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Backup

Backup
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Backup

Z, symmetry

To avoid dangerously large flavour-changing neutral currents at tree level:
> Impose discrete Z, symmetry:
O, — O, O

— -O

2 2
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Backup

Z, symmetry

To avoid dangerously large flavour-changing neutral currents at tree level:
> Impose discrete Z, symmetry:
o, — 0, O, — -0,

» Depending on Z, charges of fermion fields, four possible types:

u-type d-type leptons

Typel @, @, @,

Typell @, @, @,
Lepton-Specific D, o, >,
Flipped D, D, o,
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Backup

Z, symmetry

To avoid dangerously large flavour-changing neutral currents at tree level:

> Impose discrete Z, symmetry:

o, — 0, O

» Depending on Z, charges of fermion fields, four possible types:

— -O

u-type d-type leptons
Typel @, @, o,
Typell o, @, o,
Lepton-Specific D, o, >,
Flipped D, D, o,

» mZ, term in V breaks Z, symmetry softly
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Backup

Z, symmetry

To avoid dangerously large flavour-changing neutral currents at tree level:

> Impose discrete Z, symmetry:

o, — 0, O

» Depending on Z, charges of fermion fields, four possible types:

— -O

u-type d-type leptons
Typel @, @, @,
Typell o, @, o,
Lepton-Specific D, o, >,
Flipped D, D, o,

» mZ, term in V breaks Z, symmetry softly
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Backup

Types of vacua in the 2HDM

Type of vacuum \/E(CD1) \/E(CDZ)

. 0 0
Neutral EW-symmetric

0 0
. 0 0

Neutral EW-breaking ( )
v, v,

CP-breaking _O (_ 0 ’.e)

v, v,e
. 0 a
Charge-breaking (CB) i )
v, v,
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Backup

Types of vacua in the 2HDM

Type of vacuum \/5(031) \/f(cbz) "
) () () 400
Neutral EW-symmetric
() () 200
. 0 0
Neutral EW-breaking ( ) 0 w
v, v,

-200

CP-breaking

NS

—_—

N<I

m- o
5>}

~——————

-400

Charge-breaking (CB)

= o
—_—
- R
~—
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Backup

Types of vacua in the 2HDM

Type of vacuum ﬁ(®1) \/E(CDz) o
. 0 0 400
Neutral EW-symmetric
0 0
. 0 0
Neutral EW-breaking ( )
v, v, 0

-200 -

CP-breaking

INUN )

—_—

N<I

o o
5>}

~———

-400 -

Charge-breaking (CB)

<. o
—
RS~
v
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Backup

Can we classify the different vacua geometrically?
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Backup

Tilde basis
Introduce rescaled fields with k* = 1//\2//\1:

D, =k, & ®. =k'O
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Backup

Tilde basis
Introduce rescaled fields with k* = \[A, /A,

D, =k, & ®. =k'O

Rescaled terms in V:
A (CDICD1 )2 +A, (Q);@z)z = Ak (631631 )2 +A R (cb;d)z)2 =A [(631631)2 * (d);djz)z]
m3, (®,) + m3, (®30,) = 17 (B]®,) + 17, ($:,)

H - = h2m?2 = b=2/2
with A=LAA,, = R°my,, =R“m
» Other quartic terms and m?, term remain unchanged
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Backup

Potential in the tilde basis

V=it B, + 0] B, - 2, (81, hc) « 2 [(618,) +(636,)']
(

A (B]6,)(B3,) +1, (516,) (616)
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Backup

Bilinear form

Introduce vector r¥ = (®1®, + D;d,, 2Re DI D, 2ImDID,, DID, - D;D,)
= 2HDM potential in bilinear form (following [ivanov '06-08]):

1
- - p, L H v
V= Mur +2/\”vrr
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Backup

Bilinear form
Introduce vector r¥ = (®1®, + D;d,, 2Re DI D, 2ImDID,, DID, - 035032)T
= 2HDM potential in bilinear form (following [ivanov '06-'08]):

1
=M rH s LA pHpY
V= Mur + 2/\”vr r
where (A, diagonal in tilde basis!)

.
+ -

-————, -Rem?,, Imm?,, ———
5 , 12! 12! 2

Ay =A, =A, A, +A —7\+/\3)

M, = (MO'M1'M2'M3)T =

Auv=diag(/\o"A1'_A2’_A3)=diag( 2 " 2 2 2
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Backup

Bilinear form

Introduce vector r¥ = (®1®, + ®;D,, 2Re DI D,, 2Im DI D, DID, - 035032)T
= 2HDM potential in bilinear form (following [ivanov '06-'08]):

1
=M rH s LA pHpY
V= Mur + 2/\”vr r
where (A, diagonal in tilde basis!)

2 2

;
T * -
Mu=(M0'M1'M21M3) B S -Rems,, Imm3, —)

, ANy A -Ag A A -A+A
Auv=d'ag(/\o"A1'_A2’_A3)=dlag( 2 " 2 2 2

> ‘Bounded-from-below’ (BFB): A,>0, A,>A; fori=1,2,3 (A canbe<0)
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Backup

Physical configurations
It follows from the definition of r* (Schwarz inequality):

Hoo 2 _ 2
r, 20, r,rr=r Zr, 20
i

= Physically realisable configurations inside/on the future lightcone
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Backup

Physical configurations
It follows from the definition of r* (Schwarz inequality):

Hoo 2 _ 2
r, 20, r,rr=r Zr, 20
i

= Physically realisable configurations inside/on the future lightcone

Classification of vacua

(i) Neutral EW-symmetric: (rp) = 0 (apex of the cone)
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Backup

Physical configurations
It follows from the definition of r* (Schwarz inequality):

Hoo 2 _ 2
r, 20, r,rr=r Zr, 20
i

= Physically realisable configurations inside/on the future lightcone

Classification of vacua

(i) Neutral EW-symmetric: (rp) = 0 (apex of the cone)
(i) Neutral EW-breaking: (r,)#0and (ry)(r“) = 0 (on the surface of the cone)
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Backup

Physical configurations
It follows from the definition of r* (Schwarz inequality):

Hoo 2 _ 2
r, 20, r,rr=r Zr, 20
i

= Physically realisable configurations inside/on the future lightcone

Classification of vacua

(i) Neutral EW-symmetric: (rp) = 0 (apex of the cone)
(i) Neutral EW-breaking: (r,)#0and (ry)(r“) = 0 (on the surface of the cone)
(iii) Charge-breaking: {r,Xrt)>0 (inside the cone)
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Backup

Physical configurations
It follows from the definition of r* (Schwarz inequality):

Hoo 2 _ 2
r, 20, r,rr=r Zr, 20
i

= Physically realisable configurations inside/on the future lightcone

Classification of vacua

(i) Neutral EW-symmetric: (rp) = 0 (apex of the cone)
(i) Neutral EW-breaking: (r,)#0and (ry)(r“) = 0 (on the surface of the cone)
(iii) Charge-breaking: {r,Xrt)>0 (inside the cone)
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Backup

Evaluation of minima: (ii) neutral EW-breaking vacuum

Add constraint to potential (to surface of cone, r“r“ = rg -3 r,-2 =0):

V=V- gr“r“ (¢: Lagrangian multiplier)
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Backup

Evaluation of minima: (ii) neutral EW-breaking vacuum

Add constraint to potential (to surface of cone, r“r“ = rg -3 r,-2 =0):

V=V- —r“r“ (¢: Lagrangian multiplier)
h —\7‘—!0[ ds to: N, - =M N - =M
Then, T eads to: ( 0 Z) rO . ( i () ri i

Christoph Borschensky - Intermediate CB phases in the 2HDM - 16/09/23 19 ﬂm(rr



Backup

Evaluation of minima: (ii) neutral EW-breaking vacuum

Add constraint to potential (to surface of cone, r“r“ = rg -3 r,-2 =0):

V=V- gr“r“ (¢: Lagrangian multiplier)

dv
Then, - = 0 leads to: (N -Qry=M,, (N -Qr, =M,

» Plugging solution for r* = r#({) into constraint rg -3, r,-2 =0:
A
(No-02 4 (N-0p
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Backup

Evaluation of minima: (ii) neutral EW-breaking vacuum

Add constraint to potential (to surface of cone, r“r“ = rg -3 r,-2 =0):

V=V- —r“r“ (¢: Lagrangian multiplier)
Then —dV 2 0 leads to: (A —& =M A —Z =M
"dru : ( 0 )rO 0’ ( i )ri i

» Plugging solution for r* = r#({) into constraint rg -3, r,-2 =0:
A
(No-02 4 (N-0p

» Equation has up to 6 solutions for {/extrema = extract minimum numerically
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Backup

Evaluation of minima: (iii) charge-breaking vacuum

From av i 0, it follows: Nofg =M

e Ar; =M, (minimum: A, < 0)
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Backup

Evaluation of minima: (iii) charge-breaking vacuum

From % : 0, it follows: Norog =My, Ar; =M, (minimum: A; < 0)

» Plugging solution into inequalities r, > 0 and rg -3, r,-2 >0:

M2 M?

My>0 and —>> —

N TN

or, slightly rewritten,

2 2 2 2 2
. . My My M . M; A;
mf1+m§2<0 and —;+—§+—§<1 with u,-2=—'2, ,2=—’2
a, a; as My Mo

Korlsruhe Instiute of Technology
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Backup

Evaluation of minima: (iii) charge-breaking vacuum

From % : 0, it follows: Norog =My, Ar; =M, (minimum: A; < 0)

» Plugging solution into inequalities r, > 0 and rg -3, r,-2 >0:

M2 M?
M,>0  and —3 > Z —;
N TN

or, slightly rewritten,

2 2 2 2 2

~ ~ Hy U5 H . M; N;
m$1+m§2<0 and —1+—2+—3<‘I with u,~2=—', ,-2=—'
2 2 2 2 2

a, a; as My Mo

= Points that lie inside an ellipsoid with semi-axes a, , ,
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Backup

Evaluation of minima: (iii) charge-breaking vacuum: ellipsoid

mo

[Ivanov '08]
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Backup

Toy model: Z,-symmetric 2HDM with mfz =0

For a simpler graphical representation, discuss toy model: Z,-symmetric 2HDM

Vtoy = V|m122=0
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Backup

Toy model: Z,-symmetric 2HDM with mfz =0

For a simpler graphical representation, discuss toy model: Z,-symmetric 2HDM

Vtoy = V|m122=0

» Bounded-from-below:

A, >0, M+A3>O' M+A3+A4'A5>O
» CB minimum:
AA, =A; >0, A, > A
and
A

A
2 2 2 23 2 2 3
m11‘/}\2+m22,//\1<0, m11<m22A—, m22<m11A—
2 1
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Backup

Effective potential at finite temperatures

Full one-loop and thermally corrected effective potential:
Vips VeV + Ve + Vp

with

» V- T-independent one-loop Coleman-Weinberg potential
» Vi T-independent counterterm potential

» V;: one-loop thermal corrections at finite T
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Backup

Effective potential at finite temperatures

Full one-loop and thermally corrected effective potential:
Vips VeV + Ve + Vp

with
» V- T-independent one-loop Coleman-Weinberg potential
» Vi T-independent counterterm potential ,
14 1

. . . Too Moy 1 2.5 1 3
» V;: one-loop thermal corrections at finite T 90! * 55 MRT" = Tor MT + .-
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Backup

Effective potential at finite temperatures
Full one-loop and thermally corrected effective potential:
Vips VeV + Ve + Vp

with
» V- T-independent one-loop Coleman-Weinberg potential
» Vi T-independent counterterm potential ,
14 1

. . . Too Moy 1 2.5 1 3
» V;: one-loop thermal corrections at finite T 90! * 55 MRT" = Tor MT + .-

Perturbative expansion becomes unreliable at high T

» Resum ‘Daisy’ diagrams (‘Arnold-Espinosa‘ method) to recover perturbativity
= Certain mass eigenvalues obtain T-dependent contributions

Christoph Borschensky - Intermediate CB phases in the 2HDM - 16/09/23 23




Backup

One-loop thermal corrections for T — o

'—ZT“—l 272, _|
90 24"k T o Lo
T—>o0
V7225 nd Ere s Lpara, mpT k=W,Z;
T Z *190 24 Mk 12
777 4 1 242
—==T"-—m,T kR=tDb,
(7200 48 T

with
> N number of d.o.f.s of field k

» m, (m,): mass eigenvalue for field k including (excluding) thermal Debye
corrections from Daisy resummation
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Backup

EW symmetry (non-)restoration

Is the EW symmetry always restored at T — o0? = Check for minimum at origin
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Backup

EW symmetry (non-)restoration

Is the EW symmetry always restored at T — o? = Check for minimum at origin

Extract leading term o T2 for T — oo:

. %V . . H. H H.. 0
Hessian H.. = — = 0= lim 2 = im0 "1 Pa2] [Tt
I aw,.awj . T T2 T-oo T2 Fhg iy 0 X,

1)
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Backup

EW symmetry (non-)restoration

Is the EW symmetry always restored at T — o? = Check for minimum at origin
Extract leading term o T2 for T — oo:
%V,
ow; aw

H

H H 0
Hessian H;; = = 3= tim A = tim L ( 1 12)=( 11 )
T 21 H22 0 5{22

T—oo T2 —00 T2 H

with
fH

¢ 1611[\/— )+4(3\/§/\1+\/C_z(2/\3+7\4))]
v 574 )]
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Backup

EW symmetry (non-)restoration

Is the EW symmetry always restored at T — o? = Check for minimum at origin
Extract leading term o T2 for T — oo:
%V,
ow; aw

H

H H 0
Hessian H;; = = 3= tim A = tim L ( 1 12)=( 11 )
T 21 H22 0 5{22

T—oo T2 —00 T2 H

with
fH

¢ 1611[\/— )+4(3\/§/\1+\/C_z(2/\3+7\4))]
v 574 )]

= Condition for a minimum at the origin: 3(;, >0 and J(,,>0
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Backup

Electroweak symmetry (non-)restoration in the 2HDM

0.25
0.00
—0.25
—0.50
70_75_)\5)\1:)\2:/\3:)\4:)\5 0.9 AEA17A2:>\3:A4:A5:%
0 1 2 3 4 “0 1 2 3 4
A A

= Condition for a minimum at the origin: J3(,, >0 and J(,,>0
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Backup

Scans of the 2HDM parameter space

» Random “smart” scan over parameter space

Parameter Scan range — Get VEV v, and light CP-even Higgs mass m, ,

Ay Ay gy A, [0, 417] > Rescale to get v = 246.22 GeV, m, = 125.09 GeV:
A [-4m, 411)
5 ! 2 2 4,2
m ms v
m3, [0, 10°] GeV? Mh,0 Mh,o
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Backup

Scans of the 2HDM parameter space

» Random “smart” scan over parameter space

Parameter Scan range — Get VEV v, and light CP-even Higgs mass m, ,

Ay Ay gy A, [0, 417] > Rescale to get v = 246.22 GeV, m, = 125.09 GeV:
A [-4m, 411)
5 ! 2 2 4,2
m m: v
m3,, m3,  [-10°0] GeV? mi; - mizj—zh, Ay = Ak—zhv—g
m3, [0, 10°] GeV? Mh,0 Mh,o

» Discard points with no neutral vacuum at T = 0 (apply only CB constraints to
quartic couplings, \/A,;A, -A; >0 and A, > |A.|, but not to quadratic ones)
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Backup

Scans of the 2HDM parameter space

» Random “smart” scan over parameter space

Parameter Scan range — Get VEV v, and light CP-even Higgs mass m, ,

Ay Ay gy A, [0, 417] > Rescale to get v = 246.22 GeV, m, = 125.09 GeV:
A [-4m, 411)
5 ! 2 2 4,2
m m: v
m3,, m3,  [-10°0] GeV? mi; - mizj—zh, Ay = Ak—zhv—g
m3, [0, 10°] GeV? Mh,0 Mh,o

» Discard points with no neutral vacuum at T = 0 (apply only CB constraints to
quartic couplings, \/A,;A, -A; >0 and A, > |A.|, but not to quadratic ones)
» Apply theoretical constraints:
» Bounded-from-below
» Perturbativity (|A1,2,3,4,5| < 411)
» Perturbative unitarity [Akeroyd, Arhrib, Naimi '00]
» Absolute stability [Barroso, Ferreira, Ivanov, Santos "13]
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Backup

Scans of the 2HDM parameter space

» Random “smart” scan over parameter space

Parameter Scan range — Get VEV v, and light CP-even Higgs mass m, ,

Ay Ay gy A, [0, 417] > Rescale to get v = 246.22 GeV, m, = 125.09 GeV:
A [-4m, 411)
5 ! 2 2 4,2
m ms v
m2, [0,10°] GeV? Mh,0 Mh,o

» Discard points with no neutral vacuum at T = 0 (apply only CB constraints to
quartic couplings, \/A,A, -A; > 0and A, > |A;|, but not to quadratic ones)
» Apply theoretical constraints:
» Bounded-from-below
> Perturbativity (1A, 5,
» Perturbative unitarity [Akeroyd, Arhrib, Naimi '00]
» Absolute stability [Barroso, Ferreira, Ivanov, Santos "13]

| < 4m) = Seed points
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Backup

Numerical analysis of minima for one-loop potential

» Use ScannersS [coimbra et al. 13-20] for experimental constraints:
» Flavour physics
» Higgs searches at colliders
» Electroweak precision constraints (STU-parameters) [Peskin, Takeuchi '92]
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Backup

Numerical analysis of minima for one-loop potential

» Use ScannersS [coimbra et al. 13-20] for experimental constraints:
» Flavour physics
» Higgs searches at colliders
» Electroweak precision constraints (STU-parameters) [Peskin, Takeuchi '92]
» Determination of minima for one-loop effective potential including thermal
corrections, temperature evolution of VEVs: BSMPT [Basler, Miihlleitner, Miiller "18-"21]
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Backup

Numerical analysis of minima for one-loop potential

» Use Scanners [coimbra et al. 13-20] for experimental constraints:
» Flavour physics
» Higgs searches at colliders
» Electroweak precision constraints (STU-parameters) [Peskin, Takeuchi '92]
» Determination of minima for one-loop effective potential including thermal
corrections, temperature evolution of VEVs: BSMPT [Basler, Miihlleitner, Miiller "18-"21]

Two strategies for scans

» Scan (i): intermediate CB phase in high-T approximation and in full
one-loop treatment: experimental constraints exclude all points!

» Scan (ii): intermediate CB phase in full one-loop treatment, enforce all
experimental constraints
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Backup

Results of scan (i) (no experimental constraints)

T T

T
. * .
Restoration Restoration
Non-restoration ] Non-restoration

250 s T T T T
* *  Restoration '3 *  Restoration
*  Non-restoration | h *  Non-restoration
* 200 1 1
* * .
* i

%
*
%%’
%’*ﬁ’r ot
e
- *
¥
4
f;
:»
*
tan 3

60 80 100 120
mp= [GeV]
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